Abstract-As for standard positron emission tomography (PET) scanners, MR-compatible PET scanners will require gamma shielding to suppress the influence of activity outside the PET field of view (FOV). Suitable materials must have very specific properties, including magnetic properties close to those of water, high density, high atomic number, and ideally a low conductivity. In order to identify potential suitable materials, we have selected several heavy-metal-based candidates based on the available data for magnetic and shielding properties. These materials include several nonferromagnetic metals and metal oxides, two scintillating crystals (bismuth germanate and lead tungstate) and two metal/epoxy compounds. The magnetic resonance imaging (MRI) compatibility of these materials was assessed under various conditions, both on a human and a small-animal MRI scanner. In parallel, we assessed the shielding efficiency at 661 keV of the most promising candidates. These experiments showed that there is a range of possibilities for the design of MR-compatible gamma shields. Lead has acceptable magnetic compatibility but can induce significant conductivity-related artefacts. Heavy-metal-based minerals are fully insulating and hot-pressed lead monoxide showed good MR compatibility combined with good shielding properties. Other possibilities include the use of lead based powders and heavy-metal oxide composites.
I. INTRODUCTION

S
IMULTANEOUS positron emission tomography (PET) and magnetic resonance imaging (MRI) or spectroscopy (MRS) has been made possible by transporting scintillation light to photomultiplier tubes (PMTs) distant from the magnet through clear or scintillating optical fibers [1] , [2] . This concept has lead to the construction of a prototype PET-MRI scanner, the McPET system [3] - [5] , which has successfully been applied to the dual-modality MRS/PET study of cardiac glucose metabolism [6] . Based on this and similar concepts, our team (in collaboration with S. Cherry and colleagues at University of California, Davis) and others are currently working on the design of new generation PET-MRI systems [7] - [11] .
As for standard PET scanners, an essential requirement for MR-compatible systems will be the incorporation of gamma shields, in order to remove the scattered and random coincidences introduced by activity outside the field-of-view [12] , [13] . This represents a significant challenge, owing to the stringent constraints of safety, intercompatibility and limited space imposed by the MRI environment [14] , [15] . Improperly designed, such shields could severely affect the quality of the MRI acquisitions through susceptibility artefacts [16] , [17] , eddycurrent-induced artefacts and signal inhomogeneities [18] , or coil loading [19] , [20] . They might also represent a hazard for the patient or a risk of damage through eddy-current-related vibrations or heating [14] , [21] . It is therefore necessary to identify materials or design methods allowing the construction of gamma shields specifically adapted to the MRI environment. Such shields should combine properties of MRI-compatibility, efficient gamma shielding and limited bulk. In the present paper, we present the results of investigations performed to address this problem. This work is comprised of two parts. In the first part, we performed an extensive investigation to identify some candidate materials. In the second part, we experimentally assessed the gamma shielding and MRI-compatibility properties of the most promising materials. These results are preceded by a brief review of the basic requirements for MRI-compatibility.
II. THEORY
A. Magnetic Incompatibility
Most materials become magnetised when placed inside a magnetic field. In doing so, they distort the field in which they are placed, as they produce their own induced field. For isotropic materials, the magnetization is proportional to an intrinsic characteristic of the material, its volume magnetic susceptibility [22] . This characteristic is a dimensionless number, often expressed in parts-per-million (ppm). While the sign of determines the sign of the magnetization vector, its absolute value determines its magnitude and consequently the magnitude of the field distortion.
Air and water have very low magnetic susceptibilities ( and , respectively) and biological tissues have magnetic susceptibilities close to that of water, typically from 11 to 7 . Conversely, the susceptibilities of ferromagnetic materials are very high: 250 for cobalt, 400-1100 for "magnetic" stainless steel, 200 000 for pure iron, etc.
MRI magnetic incompatibilities arise when the volume magnetic susceptibility of an object differs from the susceptibility of the medium (air, water, biological tissues ) that surrounds it [22] . In that case, the difference in magnetization between the object and the medium induces a local perturbation of the magnetic field. This perturbation field both warps the imaging plane and introduces geometric distortions in the image 0018-9499/03$17.00 © 2003 IEEE (essentially in the frequency-encoding direction), giving rise to so-called susceptibility artefacts. A complete discussion of the characteristics of these artefacts may be found in [16] , [17] , [22] - [24] and is briefly summarized below.
Spins located within and outside of the object are subject to different effects in the presence of a susceptibility mismatch. In the simple case of a homogenous ellipsoid, signals from within the object are shifted spatially by a uniform amount. This leads to positional errors, especially problematic for applications requiring high geometrical accuracy, but no major artefacts. Conversely, distortion outside the object typically shows a complex shape, where signals from some spins are displaced in the direction of the gradient while others are displaced in the opposite direction. In the case of a cylinder placed orthogonal to the axis, this complex distortion pattern gives rise to an artefact with a typical chevron shape. Typically, the extent of the geometric distortion increases linearly with the susceptibility mismatch and with the strength of the static field. The distortions generally increase in proportion to the dimensions of the FOV (or more specifically, they increase in inverse proportion to the strength of the gradient fields used for imaging).
Since the image is spatially distorted while the total signal intensity is conserved, intensity inhomogeneities appear: signal intensity is reduced where the image is stretched and increased where the image is compressed. Furthermore, bright rims appear (often near to signal voids) if the distortion is such that signals coming from two different areas are mapped to the same pixels (image folding). Signal voids also appear if the frequency shift introduced by the field perturbation exceeds the bandwidth of the receiver coil.
In addition to these geometric distortions, the magnetic perturbations also increase intravoxel spin dephasing [25] . While this effect is generally reduced by the 180 pulse for spin-echo sequences, gradient-echo (GE) sequences lack such a refocusing pulse and are thus subject to dephasing artefacts [17] , [26] . These artefacts appear as signal voids (with little or no bright rim) superimposed onto the geometric artefacts. Their dimensions increase rapidly with the echo time and voxel dimensions and they depend on the gradient of the perturbation field rather than on its magnitude. Because of their high sensitivity to susceptibility mismatch, GE sequences often show artefacts at the bone/tissue interfaces and more commonly around air cavities [24] , [26] .
B. Conductivity-Related Incompatibility
Any conducting object placed within the magnet bore may affect MRI acquisition through various interactions with the gradient fields, with the rotating magnetic field (radio frequency field) or with the RF coil. The first possible interaction is the induction of eddy-currents in the conductor following Faraday's law [18] . Such eddy-currents, which appear when a conductive loop is placed in a varying magnetic field, depend on the dimensions and orientation of the object and on the variation rate of the magnetic field.
The main hazard related to the RF-induced eddy currents (i.e., the currents induced by the field ) is the risk of heating. This heating effect generally remains limited (0.1 C-1 C), but may become significant if the conductor is of large dimensions or if biological tissues (i.e., the patient) create a conductive path between two distant conductors [14] , [21] . The RF-induced eddy currents may also induce noticeable image artefacts, because they create their own radio frequency magnetic field [18] , [27] , [28] . This induced field tends to increase the effective flip angle in some areas and decrease it in others, thus creating intensity inhomogeneities (especially in spin-echo sequences), but with no spatial distortion. Under some conditions, conducting loops or tubes may significantly lower or suppress the signal within the loops while enhancing the signal outside ("RF shielding") [27] , [29] , [30] .
For a variety of reasons (among which are their low intensity and slow variation rate), the gradient fields are generally considered to induce negligible eddy currents in small conductive elements [18] . However, significant eddy-currents may appear for conductors of large dimensions or for very fast sequences (e.g., such as echo-planar imaging) [31] , [32] . These currents, appearing at the same rate as the gradient that created them, may induce significant vibrations or artefacts, as they both interact with and distort the fields.
Beyond these localized effects, conductors may also globally affect the image quality if they strongly interact with the RF coil. They may shift the coil resonance frequency (detuning) and increase its bandwidth, thus affecting the quality factor (coil loading effect) [19] , [20] , [33] , [34] . The frequency shift may exceed the capabilities of the coil tuning circuit, in which case the coil can no longer be tuned to the proper resonance frequency for the MRI imager. In other situations, the decrease of the coil quality factor (RF power dissipation) may introduce a significant degradation of the image signal-to-noise ratio (SNR).
C. Constraints for the Design of MR-Compatible Gamma Shields
The design of MR-compatible gamma shields is subject to several constraints. In general, one desires to achieve:
• limited conductivity-related incompatibility; • limited magnetic incompatibility; • good shielding efficiency; • reasonably small dimensions. The first constraint could be achieved by using insulating materials. Schenck has proposed that to achieve the second [22] one should preferentially use those materials with a susceptibility mismatch of less than 10 ppm with the surrounding medium. This is termed magnetic MRI-compatibility of the second kind.
The constraint of limited dimensions requires that
• The material should have a large mass attenuation coefficient for the gamma radiation considered.
• The shield should absorb gamma photons coming from outside the axial field-of-view rather than scatter them and so should have a large mass photoelectric attenuation coefficient . This condition implies that the efficient atomic number should be as high as possible, since increases as a power (4th to 5th) of [35] .
• The material should have a density as large as possible. 
III. MATERIAL PRE-SELECTION
There is no unique way to satisfy the constraints listed above, as their influence depends on the configuration of the MRI-PET design. To obtain MR-compatible gamma shields that could be used in a wide variety of situations, we investigated the feasibility of using dense, insulating, heavy-metal-based materials. Information on over 60 candidate materials was gathered. Whenever possible, we computed the MKSA volume magnetic susceptibilities from the data available in the literature, typically their CGS molar susceptibility , (where and are the molar mass and the mass density, respectively) [22] , [36] - [38] . As both the CGS molar susceptibilities and the material mass densities varied slightly from one source to another, we estimated that there was a 10%-20% uncertainty on the final MKSA volume susceptibility. In parallel, the shielding properties at 511 keV (free path and photoelectric-interaction fraction) were computed with XCOM [39] . These data are summarized in Table I .
The materials on which data were gathered include lead ( ppm) and various heavy-metal based insulating minerals. Tungsten carbide has interesting magnetic and shielding properties, but is a good conductor and might be fairly sensitive to conductivity-related effects. Most scintillating crystals, such as bismuth germanate (BGO) or lead tungstate (PWO), have good shielding properties but their magnetic susceptibilities are unknown [40] . Other materials, such as heavy-metal-containing clays, polymers or glasses were investigated but were discarded owing to their low shielding efficiency [41] - [46] .
Based on these data, we have selected three categories of candidates.
• Heavy-metal-based materials: these were expected to show both approximate second-kind MRI magnetic compatibility ( ) and a very high shielding efficiency (mean free 1 mm, photoelectric-interaction free path 2 mm). They included two metals, lead and tungsten carbide and several heavy-metal based oxides: lead monoxide, red lead oxide, and bismuth trioxide.
• Scintillating crystals (bismuth germanate and lead tungstate): while their magnetic susceptibility is unknown, their gamma absorption properties are well known and they can be obtained in monocrystalline form from commercial suppliers.
• Metal/epoxy composites: considering results published in the literature, we also investigated the feasibility of using metal/epoxy compounds [47] , [48] . It was hoped that such compounds would retain both the insulating properties of the resins and the shielding and magnetic properties of the heavy-metal bases. We prepared these compounds using two different resins. The first one (Araldite CY 319, CIBA), was selected because it belongs to a family of well-known high-quality resins. The other one (EPO-TEK 301) was selected based on [37] , which lists a similar resin (EPO-TEK 353ND) as a material used for NMR probe engineering.
IV. MATERIALS AND METHODS
A. Sample Screening
The MRI-compatibility properties of all candidate materials were qualitatively assessed using a standard protocol [22] , where cylindrical test-tubes containing samples of the materials were immersed into a water-filled phantom doped with a small concentration of CuSO4. The tubes were oriented orthogonal to the main magnetic field and were imaged on a clinical 1.5 T imager (Gyroscan ACS-II, Philips Medical Systems, Best, The Netherlands), using a clinical receive-only 'birdcage' head coil (with an RF mirror at the cranial end for improved RF homogeneity) in a plane perpendicular to the sample axis. The tubes were imaged using both spin-echo T1-weighted (SE-T1: TR ms, TE ms) and gradient echo (GE: TR 300 ms, TE -ms) sequences. The presence of incompatibility artefacts was assessed by visual examination of the images. Additional physical properties (direct-current conductivity and density) were also assessed for some of the samples.
Each sample consisted of a cylindrical test-tube filled with the material in powder or solid (resin) form, except for BGO where a rectangular crystal was used. We also used three test tubes filled with water, air and copper powder respectively, as reference materials. In addition, two test tubes filled with pure epoxies were screened to check the MRI compatibility of these resins.
The experiments were performed using a home-made tube holder, immersed in the water-filled phantom, which could hold up to nine test tubes at a time. Three SE acquisitions and three GE acquisitions were used to study the complete range of test tubes. For each SE or GE acquisition, a new group of six material test tubes was set in the holder. The three remaining positions of the tube-holder were occupied by the reference material tubes (air, water and copper), which were left in place throughout all the acquisitions as an interacquisition consistency check.
Note that the magnetic susceptibility of a material in powder form is roughly similar but not identical to its susceptibility in bulk (raw metal or mineral) form. Indeed, the volume susceptibility of a powder may be written as , where is the powder mass density and is the material mass susceptibility. The latter is defined as the ratio of the material volume susceptibility by the material specific gravity (i.e., its density in its bulk form). Furthermore, for crystalline materials, the volume susceptibility of the powder is a scalar, whereas the susceptibility of the mineral in bulk form generally is a tensor, due to the anisotropic properties of crystals [22] .
B. MRI-Compatibility of Shielding Rings
Following the results of the screening experiment, a similar protocol was used to assess the MRI-compatibility of two series of rings (five rings in total), whose annular shape mimicked potential gamma shields. As in the screening experiment, these rings were immersed into a CuSO -doped water-filled phantom and MR images were acquired on the same human 1.5 T whole-body MR system using spin-echo and gradient-echo sequences, as above. The acquisitions were performed with the rings oriented both parallel and orthogonal to . The first series comprised of three rings with internal diameter 50 mm, external diameter 90 mm, and thickness 12 mm or 12.5 mm. Two rings contained materials in powder form (lead and red lead oxide respectively) in a Perspex annular holder. The third ring was machined out of a piece of standard-quality bulk lead.
The second series of rings were designed to fit the MR-compatible PET scanner that we are currently designing. Consequently, while keeping the same internal diameter (50 mm), their external diameter was reduced to 70 mm. One of these rings was a single-crystal nonimaging ring of BGO, grown and machined by Crismatec, France (thickness 50 mm).
For the second ring of this series, based on the results of the screening experiment, we wanted to make a dense shielding annulus out of a crystalline lead oxide. We encountered some difficulties at that stage, as large pieces of crystalline lead oxide are not readily available. We eventually found out that such pieces can be made on demand by dedicated companies. We thus had a cylinder of lead monoxide made by a sputtering target manufacturer (Pure Tech, USA), then machined in our workshop into an annular shape. The cylinder was made by hot-pressing, a process where a powder is compressed while being submitted to a very high temperature. The resulting agglomerated powder is nearly as dense as the crystalline solid, provided that the dimensions remain within a few centimeters (the density decreases as the dimensions increase). Being rather brittle, it must be handled carefully but it is easily machinable.
C. Perturbation of MRI-Acquisition by Annular Shields
The influence of annular shields on MRI-acquisitions was assessed in a situation designed to be as realistic as possible. For this experiment, a phantom was imaged on a small animal NMR system with the coil encircled by annular gamma shields. The phantom comprised a water-filled external annulus and a partly oil-filled internal compartment, leaving a central air gap. We investigated the effects of bismuth germanate and hot-pressed Fig. 1 . Spin-echo T1 images of material samples immersed in water. The three panels correspond to the three acquisitions needed to study the whole range of materials. The tubes filled with water, air, and copper were used as reference standards and were left in place throughout the three acquisitions. The tubes filled with Araldite and EPO-TEK 301 epoxies were used to check the MRI compatibility of these resins. Fig. 2 . Gradient-echo images of material samples immersed in water. The three panels correspond to the three acquisitions needed to study the whole range of materials. The tubes filled with water, air and copper were used as reference standards and were left in place throughout the three acquisitions. The tubes filled with Araldite and EPO-TEK 301 epoxies were used to check the MRI compatibility of these resins. lead monoxide rings described above. We also assessed the influence of bulk lead shields (either one shield or two identical shields placed side by side).
This experiment was performed on a 4.7 T NMR system (Oxford Systems, U.K.) with a UNITYInova-200 high resolution imaging console (Varian, USA) using a small animal imaging radiofrequency coil (external diameter 50 mm). Transverse images were acquired using both a SE-T1 sequence (TR ms, TE ms, 25 contiguous slices) and a dual-echo GE sequence (TR ms, flip angle , TE ms, 50 ms, three noncontiguous slices). For both sequences, the slice thickness was 0.5 mm, the field of view 30 mm 30 mm and the image matrix was 64 64. For each acquisition, pulse power was recalibrated as necessary.
The images were analyzed to assess whether the proximity between the shield, the coil and the phantom had affected the image quality in any manner. The image SNR was computed as the ratio between the signal in the center of the oil-filled compartment (measured in a region-of-interest drawn so as to exclude the air-filled area) and that in the background.
D. Assessment of Shielding Efficiencies
We measured the density of the materials in some of the rings previously tested (red lead oxide powder, lead powder, bulk lead, BGO, and hot-pressed lead monoxide) and XCOM was used to compute the theoretical attenuation properties of each ring at 661 keV. In parallel, a Cs-137 source and a standard spectrometry set-up were used to measure the total linear attenuation coefficient at 661 keV. For each ring, a "relative shielding efficiency" was computed as the ratio between the ring measured attenuation coefficient and the attenuation coefficient measured for the lead ring.
V. RESULTS
A. Sample Screening
The results of these experiments are shown in Fig. 1 (spin-echo T1) and Fig. 2 (GE, TE 5 ms) . The results for two of the reference materials (air and water) were consistent with what was expected. While there was no artefact at all for the water-filled tube, an artefact could be seen around the air-filled tube, due to the 10 ppm susceptibility mismatch between air and water. On the SE image, this artefact showed the typical chevron shape expected for a cylindrical object placed orthogonal to . The artefact appeared bigger and more irregular in the GE images, as a result of intra-voxel dephasing effects.
However, the third reference material, copper, gave unexpected results, showing the strongest artefact of all samples when only a negligible susceptibility mismatch was expected ( ppm for copper). Furthermore, this artefact had the same direction as the one for the air-filled tube, suggesting a positive susceptibility mismatch (i.e.,
). This anomaly may result from the presence of iron in the copper powder, with a concentration of 60 ppm (data from the supplier's certificate of analysis, Sigma-Aldrich, U.K.). As copper was included only as a reference material and was not considered as a potential shielding material, this anomaly was not investigated any further.
The images showed that lead, red lead oxide and lead monoxide produced the smallest artefacts. Furthermore, the artefacts observed for the 325-mesh-lead powder and for the red lead oxide powder were asymmetrical, suggesting that they were due to local powder inhomogeneities (i.e., air-filled spaces) rather than to some global susceptibility mismatch. In any case, the artefacts for these samples remained moderate even on the gradient-echo (GE) images. On the other hand, bismuth oxide, lead trioxide and tungsten carbide induced more noticeable artefacts, especially on the GE images. Among the scintillating materials, lead tungstate powder produced limited artefacts, slightly larger than those induced by bismuth oxide. As for BGO, noticeable artefacts were produced, but their interpretation was difficult owing to the noncylindrical shape of the BGO crystals. As for the epoxy/metal compounds, their performances were somewhat disappointing. The lead-EPOTEK composite, in particular, induced more severe artefacts than lead powder on its own.
The densities of the powder samples were found to be much lower than the corresponding material specific gravity. Thus, the lead powder density was only 6.6 g/cm (versus 11.3 g/cm specific gravity) and the density of the red lead oxide powder was even lower at 1.9 g/cm (versus 9.1 g/cm specific gravity). On the other hand, the metal powders were found to be nearly insulating for direct currents. Conversely, the metal/epoxy composites were found to be conductive, probably because the epoxy created conductivity pathways between the individual metal particles.
B. MRI-Compatibility of Shielding Rings
The results of the MRI-compatibility experiments with the rings are presented in Figs. 3 and 4. As expected from the previous experiments, no artefacts or very limited ones were observed with the red lead oxide powder ring and the lead powder ring, even in gradient-echo mode.
For the other rings, however, the results were worse than expected. While the spin-echo images showed only minor artefacts, strong artefacts appeared on the gradient-echo images. Interestingly, the spin-echo image of the bulk lead ring [ Fig. 4(c) ] shows a decrease of the signal in the center of the ring from the center to the edge. This pattern was unlike any other material and is likely to be a conductivity-related artefact, such as a perturbation of the radiofrequency field (RF-shielding).
C. Perturbation of MRI-Acquisition by Annular Shields
While the BGO and hot-pressed lead monoxide rings had no adverse effect on the image quality, the lead rings appeared to induce a severe dissipation of RF power. Thus, the power for the spin-echo 90 -pulse had to be increased by 26% with one lead ring and 39% with two lead rings. The loading effect was even larger for the gradient-echo sequence, where the 22 -pulse power had to be increased by 55% with one lead ring.
This power dissipation resulted in a significant decrease in image SNRs (Fig. 5) . For both sequences, the SNR dropped by 50 with one lead ring and 70 with two lead rings. In absolute terms, this effect was more severe for the gradient-echo sequence, since the SNR fell to only 25.8 and 13.9 with one and two lead rings, respectively. On the contrary, the lead shields induced an obvious loss of visual quality on the GE acquisitions, the images acquiring a grainy appearance from the SNR loss [ Fig. 6(i)-(j) ]. Also, on some of these images, including those using lead monoxide (h) and especially BGO, small artefacts appeared close to the phantom inter-compartment interfaces. The features of these artefacts (aspect and localization) were those of artefacts commonly seen in GE acquisitions at the interfaces between different tissues (susceptibility or chemical shift artefacts). Thus, they probably are due to the composite structure of the phantom and to slight inaccuracies in the selection of the imaging plane ( 1 mm) between the acquisitions. However, they may also indicate slight perturbations of the slice selection process (i.e., plane warping) by susceptibility-induced field inhomogeneities.
D. Assessment of Shielding Efficiencies
The shielding efficiency results are summarized in Table II . Columns (a-c) give the theoretical results for the ring material in its bulk form (metal or raw mineral). Columns (d-f) take into account the effective density of the ring materials. The last two columns (g-h) show the results of our bench experiments, both in absolute value (linear attenuation) and relatively to lead (shielding efficiency).
As may be seen from these data, the lead oxides are from a theoretical point-of-view very promising candidates, having linear attenuation coefficients about 70%-85% of those of lead. While the density of the hot-pressed lead monoxide ring is lower than the specific gravity of pure mineral lead monoxide (7.9 versus 9.6 g/cm ), this ring still has the best relative shielding efficiency of all the tested materials (bulk lead excepted).
Even in powder form, lead behaved fairly well, its experimental shielding efficiency being 65% of that of bulk lead. Furthermore, the results of the theoretical computations showed that lead powder retained a very high photoelectric attenuation (0.29 cm versus 0.32 cm for hot-pressed lead monoxide and 0.49 cm for bulk lead). Owing to its lower heavy-metal content, bismuth germanate had rather lower performance, with an experimental relative shielding efficiency of only 55% and a theoretical photoelectric attenuation of 0.21 cm .
VI. DISCUSSION
In this work, we have explored several possible pathways toward the design of MR-compatible gamma shields. After selecting candidate materials through an extensive study of the data available in the literature, we have assessed samples of these materials using a standard MRI-compatibility test protocol. Based on this preliminary screening experiment, we studied the most promising candidates in more detail, both in terms of MRI compatibility and in terms of shielding efficiency.
The simplest choice, bulk lead, may be a possible candidate, owing to its very high absolute shielding efficiency, if certain remaining issues can be solved. Its magnetic susceptibility is rather low ( 15.8 ppm) and it gave noticeable artefacts in one experiment. Yet, this result might be due to the presence of iron or iron oxide inclusions in the standard-quality lead we used. Indeed, as is well known from the literature, iron-based ferromagnetic impurities are ubiquitous in most materials and can drastically modify the properties of materials [22] , [49] . Furthermore, a small susceptibility mismatch could be cancelled using the dual-component method of Chauvel et al. [50] . In this method, the global magnetic susceptibility of an object is optimized by combining a diamagnetic ( ) and a paramagnetic material (
). This could be achieved by surrounding a lead shield by a thin mantel of tungsten ( ppm) or tantalum ( ppm) for instance. An additional problem is that shields made of lead are likely to induce significant conductivity-related artefacts, signal losses or coil loading. Such an effect was obvious on some of the results shown here (Figs. 4(c) , 5, and 6). In another experiment where the coil surface was very close to the ring surface (distance below 2 mm), we actually found out that the coupling was strong enough that the FID signal was lost altogether.
This problem would be of lesser importance if there were enough room to ensure that the shields and the coil were located far enough apart. On the other hand, in some configurations, it might be feasible to break the current flowing paths by dividing the shields into sub-components separated by insulating gaps. This solution is known to be very effective, but requires these gaps to be wide enough (1-2 cm), as thin gaps act as capacitors rather than insulators [18] , [31] . Unfortunately, such large gaps may induce a substantial decrease or anisotropy of the relative shielding efficiency for shields of small dimensions. Based on our first results, we have indeed tried using radially-slotted lead rings. As we did not want to compromise the shielding efficiency, we could only introduce thin insulating gaps ( 0.5 mm) and no reduction of the artefacts was observed.
From our results, it seems that lead powder may be a possible solution. Thanks to its high density, lead powder retains a substantial relative shielding efficiency while having a much lower conductivity than bulk lead. Furthermore, we did not find any substantial conductivity for direct current. However, the possible interactions of these powders with the radiofrequency field are unclear, since even materials with a low electric conductivity may in some conditions strongly interact with high-frequency electromagnetic fields [51] .
We had considered using lead/epoxy composites in order to produce a nonconducting material with high relative shielding efficiency and some physical strength. Unfortunately, we found out that such composites acquired conductive properties even for small amounts of lead filler and further work in this area may be justified.
An alternative that eliminates all conductivity-related problems is to find a heavy-metal based insulating material. Both bismuth germanate and some lead oxides were selected as promising candidates. The results of the MRI-compatibility tests with rings made out of these materials were poorer than expected but do not definitely rule out these materials, since the gradient-echo sequence on which these artefacts appeared is extremely sensitive even to very minor perturbations of the magnetic field. A potential problem with such materials is their high price and the difficulty of manufacturing such elements in large dimensions. This makes these materials more suited to small-animal imaging systems with narrow imaging volumes. Furthermore, as an alternative to hot-pressing, such materials could be used as filler in lead-oxide-based polymers or composites. Indeed, data published in the literature suggest that such composite materials can under some conditions reach very high shielding efficiencies while being easily moulded to any shape or dimension [52] .
VII. CONCLUSION
Our results show that there is a range of possibilities for the design of MR-compatible gamma shields, but no unique solution. Lead showed satisfactory MRI magnetic compatibility, but induced significant conductivity-related problems, such as signal losses or coil loading. Lead might still be a possible choice if conductivity-related problems could be minimized by setting the shields far enough from the RF coil or by introducing insulating gaps. Owing to their intrinsic insulating properties, the heavy-metal-based minerals do not suffer from such limitations. Such materials include some known scintillators such as bismuth germanate and some heavy-metal oxides, of which hot pressed lead monoxide demonstrated both good MR-compatibility and good shielding properties. However, dense forms of these materials are expensive which may limit their application to small-animal MRI scanners with small imaging volumes.
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